Abstract Effective calculus and biofilm removal is essential to treat periodontitis. Sonic and ultrasonic technologies are used in several scaler applications. This was the first feasibility study to assess the potential of a shock wave device to remove calculus and biofilms and to kill bacteria. Ten extracted teeth with visible subgingival calculus were treated with either shock waves for 1 min at an energy output of 0.4 mJ/mm 2 at 3 Hz or a magnetostrictive ultrasonic scaler at medium power setting for 1 min, which served as a control. Calculus was determined before and after treatment planimetrically using a custom-made software using a grey scale threshold. In a second experiment, multispecies biofilms were formed on saliva-preconditioned bovine enamel discs during 64.5 h. They were subsequently treated with shock waves or the ultrasonic scaler (N=6/group) using identical settings. Biofilm detachment and bactericidal effects were then assessed. Limited efficiency of the shock wave therapy in terms of calculus removal was observed: only 5% of the calculus was removed as compared to 100% when ultrasound was used (P≤0.0001). However, shock waves were able to significantly reduce adherent bacteria by three orders of magnitude (P ≤ 0.0001). The extent of biofilm removal by the ultrasonic device was statistically similar. Only limited bactericidal effects were observed using both methods. Within the limitations of this preliminary study, the shock wave device was not able to reliably remove calculus but had the potential to remove biofilms by three log steps. To increase the efficacy, technical improvements are still required. This novel noninvasive intervention, however, merits further investigation.
Introduction
The current approach to treat periodontitis is primarily focusing on the elimination of bacterial biofilms and concrements on the root surface, which are considered the primary etiologic factors. Therefore, mechanical plaque and calculus removal, using curettes and ultrasonic devices, has become a well-documented and effective treatment modality [1, 2] . These traditional methods, however, are not able to completely remove subgingival calculus and biofilm mass, especially in deeper periodontal pockets [3] [4] [5] [6] . Several methods have been introduced to improve the removal of biofilm and calculus, but still the above-mentioned methods remain the "gold standard" [7] . Therefore, alternative new methods are still welcome to contribute to more effective cause-related therapy approaches.
The application of shock wave therapy in humans has been primarily to disintegrate kidney stones or to dissolve calcified tendonitis of the shoulder and other rheumatoid inflammatory diseases [9, 10] . Several in vitro studies have shown that shock waves have a bactericidal effect on Streptococcus aureus, Streptococcus epidermidis, Pseudomonas aeruginosa and an MRSA 27065 strain, with decreases in viable numbers of three orders of magnitude for certain species [11] . Previous reports have shown that shock wave therapy can kill some oral bacteria and exhibit a beneficial effect during the regeneration process of periodontal disease in a rat model [12, 13] . No studies have been performed yet to assess the calculus and biofilm removal potential of this promising approach. This would be a prerequisite for any successful periodontal treatment with shock waves in the future.
In the current in vitro study, shock waves were compared to a conventional magnetostrictive ultrasonic device regarding calculus removal on extracted human teeth and biofilm detachment and bactericidal effects in a multispecies biofilm model on hydroxyapatite discs. We hypothesised that shock waves would be as effective as the ultrasonic device.
Materials and methods

Calculus removal
Twenty extracted human premolars with subgingival calculus not involving the furcation area were selected for this experiment and were stored in physiological saline at 4°C. They were collected as anonymous by-products of regular treatment. As such, our Medical Ethical Board states that the performed research is not conducted under the regulations of the Act on Medical Research Involving Human Subjects (METc 2009.305). A written informed consent was therefore not compulsory. Nevertheless, patients were informed about general research purposes and gave verbal informed consent, which was not recorded to keep the procedures anonymously.
The chosen experimental surface was demarcated as a rectangular area of interest of approximately 5×5 mm using a diamond-coated disc (918P Ø 220 mm, Komet mounted on Mandrel 303, Komet, Gebr. Brasseler GmbH & Co. KG, Lemgo, Germany) in a slow counter-angle hand piece (Micro Mega, Genève-Acacias, Switzerland) with water cooling and mounted as follows (Fig. 2a) . The apical portion was ground flat with a rotating sandpaper device (180 grit silicon carbide sandpaper, Struers, Merck (Switzerland), Dietikon, Switzerland) at 150 rev/min (Planopol-2®, Struers, Merck (Switzerland)). Teeth were mounted on scanning electron microscope (SEM) stubs (Baltec, Balzers, Liechtenstein), which were inserted into plastic mounting stents, and finally embedded with cold curing acrylic (PalaDur®, Heraeus Kulzer, Wehrheim, Germany).
Group one consisted of ten randomly selected teeth that were treated with the shock wave device (Duolith, Storz Medical, Tägerwilen, Switzerland; Fig. 3 ). The teeth were attached (President Light Body, Coltène Whaledent, Altstätten, Switzerland) in Petri dishes containing 20 ml sterile saline and were exposed to shock waves of a energy density of 0.4 mJ/mm 2 and a frequency of 3 Hz. The shock wave device had a separation distance to the tooth surface of 4 mm and was moved perpendicular to the root surface in very small elliptical pattern. The working end of the tip was submerged in the saline solution.
The ten teeth of group two were scaled with the Cavitron® TM Jet SPSTM ultrasonic device with Slimline®
Cavitation in water Bubbles
Shock wave Focal spot Acoustic emission Fig. 1 A shadow image of the focal area (cross) is shown. The shock wave moves from top to bottom, and flash time is 20 ns. Behind the shock front, cavitation bubbles are visible (black spots). Some of the bubbles have already collapsed, emitting secondary shock waves (circles). Source: With permission from Bentham Science Publishers [8] Extracorporeal shock waves are high-energy acoustic waves generated underwater with high-voltage explosion and vaporisation. Shock waves are longitudinal acoustic waves that propagate in water-like soft tissue in very much the same way as ultrasound. However, in contrast to ultrasound, shock waves are single pulses with a duration of around 1 μs, a peak pressure amplitude of up to 100 MPa and an energy flux density in excess of 2 mJ/mm 2 [8] . Cavitation due to shock waves can be visualised by shadow or Schlieren photography in partially degassed water (Fig. 1) . When the cavitation bubbles collapse, a secondary shock wave is emitted. These secondary waves are even strong enough to erode ship propellers.
inserts (Dentsply International, York, PA, USA) at medium power setting. The insert tips were parallel to the tooth axes and the working strokes ran perpendicular to the tooth axis under constant water cooling. One operator carried out all tooth treatments. Standardised application load for each treatment method was achieved by mounting the teeth in a specially adapted pressuresensitive electronic device (TM 503 Power Module, Tektronix®, Beaverton, OR, USA). The samples were placed on the pressure gauge, and the trained operator was able to control the load during the treatment by reading the real-time loads applied: the acceptable range of load was 200±20 g.
Both treatments were carried out for 60 s.
For the purpose of calculus determination, teeth were photographed (Fujifilm S5 Pro, Fujifilm, Tokyo, Japan) before and after treatment, and images were converted to levels of grey. A specially designed computer programme was used (PPK, Zurich, Switzerland), which is applied in our laboratory to express the cleaning effect (Re) of toothpaste or toothbrushes. The methodology is described in previous papers [14, 15] . The only small modification to the programme as applied to this study was that the computer had to recognise the light tooth surface as clean. Thus, the computer with this software could automatically determine the amount of calculus present on the tooth surface through the contrast with the light background. Because the programme relies on contrast in black and white, the colour images were converted into grey pixels. The demarked area of interest on each tooth was cut out digitally along the lines cut with the diamond disc, using the mouse and the cross-hair icon. The isolated surface was processed with this special programme so that the surface area of calculus present could be determined and expressed as a percentage of the entire surface area. In this way, the amount of calculus on the area of interest before and after instrumentation could be determined.
Biofilm removal
The different treatments were performed on a sterile clean bench. The treatments were repeated twice, using triplicate samples, within one experiment.
Streptococcus mutans (OMZ 918), Veillonella dispar (OMZ 493), Fusobacterium nucleatum (OMZ 598), Streptococcus oralis (OMZ 607), Actinomyces naeslundi (OMZ 745) and Candida albicans (OMZ 110) were used as inocula for biofilm formation [16, 17] . Biofilms were grown in 24-well polystyrene cell culture plates on 18 hydroxyapatite discs (Dense Hydroxylapatite Discs, Art. . In brief, discs were preconditioned (pellicle-coated) in processed whole unstimulated saliva and were covered with 1.6 ml of substrate composed of 70% saliva + 30% modified fluid universal medium [18, 19] . Wells were inoculated with mixed cell suspensions (200 μl) prepared from equal volumes and densities of each species and were incubated anaerobically at 37°C. At 16.5, 20.5, 24.5, 40.5, 44.5, 48.5, and 64.5 h biofilms were washed by three consecutive dips in 2 ml of sterile physiological saline (1 min/dip, room temperature). In flow models or constant depth film fermenters as well as in vivo, biofilms are subjected to shear forces that are absent in a batch culture system. The discs are, therefore, dipped in the described manner thereby being subjected to passages through an air-liquid interface. The medium was changed after dipping at 16.5 and 40.5 h. The thickness of our validated model ranged between 30 and 40 μm as shown in previous studies [16, 20] .
The discs were removed from the wells, immersed in sterile Petri dishes containing 20 ml of sterile physiological saline and immediately exposed to the three different treatments. The treatment was performed under water immersion with a number of six discs/group and the same protocol as in the previous part where the potential to remove calculus was tested. The six discs of group one stayed untreated and served as positive control. In group two, discs were exposed to shock waves of an energy density of 0.4 mJ/mm 2 and a frequency of 3 Hz, and in group three, treatment was accomplished with the same ultrasonic insert and the same settings as in the first part for 60 s (N=6). After each treatment, the discs were rinsed by being doubledipped sequentially in 3×2-ml portions of fresh physiological saline (immersion time/dip=10 s). The solution in the Petri dishes was collected and frozen to determine the bactericidal effects on detached bacteria. The deep freezing of the samples was necessitated by undercapacity in the anaerobic chamber.
To harvest adherent cells, each disc was transferred to a sterile 50-ml polypropylene tube containing physiological saline (1 ml, room temperature) and vortexed vigorously for 2 min. The suspensions were then transferred to sterile 6-ml polystyrene tubes and sonified for 5 s at 30 
Results
Calculus removal
The amount of calculus covering the root surfaces was comparable for both treatments ( Table 1 ). The shock wave device showed only minute capacity to remove calculus (Fig. 1b-c) . The median percentage of calculus reduction was merely 5% (IQR=7%), whereas the ultrasonic scaler showed almost complete calculus removal (median 100%, IQR=0%; Fig. 1d-e) . The difference concerning the surface cleaning potential between the two treatment modalities was therefore highly statistically significant (P≤0.0001).
Biofilm removal
The results of this experiment are depicted in Fig. 4 . The results showed that shock waves could significantly reduce the number of cultivable bacteria remaining on the surface of the hydroxyapatite discs after treatment by three orders of magnitude. This cleaning efficacy was comparable to the effect of the ultrasonic scaling device as compared to the CFU on the untreated specimens. A complete removal of bacteria from the surface, however, was not achieved with either treatment modality. Furthermore, the detached bacteria remained cultivable and showed only insignificantly reduced number of CFUs as compared to the bacteria measured in the untreated control.
Discussion
Effective calculus and biofilm removal by scaling and root planning represent the traditional treatment modality and still remain the gold standard for the nonsurgical management of chronic periodontitis [21] . Sonic and ultrasonic technologies are widely used in several scaler applications, and their effectiveness has been well documented in several laboratory and clinical evaluations [22, 23] . This was the first feasibility study to assess the potential of a shock wave device to remove calculus and biofilms in vitro. We found only minute effects of shock wave application in terms of calculus removal, which was, in contrast, almost complete when ultrasound was used (P≤0.0001). Thus, our hypothesis was rejected. On the disc surface, however, shock waves were able to significantly reduce adherent bacteria to an extent comparable to the control treatment.
Only limited bactericidal effects with both methods were observed.
The results of the present study suggest that clinically adequate root debridement, as defined by visible calculus removal, was only achieved with the ultrasonic scaler. The percentage of calculus remaining as determined by image analysis was very low (median 0%; min. 0%, max.14.4%). This result was slightly better than findings by Yukna and co-workers [24] , who noted 5.4% remaining calculus using the same instrument. In the latter evaluation, however, an instrumentation time of 90 s was even necessary to clean a comparable surface in a similar laboratory setting. Both in vitro findings are consistent with clinical data [25] [26] [27] . However, complete calculus removal following periodontal instrumentation is rare.
The damage induced to the root surface and the tooth substance loss with each of the two instruments were not evaluated in this pilot study. It is known that load influences the efficiency and defect characteristics and that higher loading normally leads to more defects. In this investigation, a load of 200 g was applied. This corresponds to previous work, in which loads in the range of 50 up to 200 g were applied [14, 28, 29] .
In general, there is a great need to assess and standardised biofilm removal procedures for testing the (pre-) cleaning efficiency [30] , and there is still limited data available concerning the biofilm removal capacity using other protocols, devices and/or chemicals, which would allow for appropriate comparison to our findings. In the present study, we used a well-established and validated biofilm model, which consisted of six species representative for supragingival plaque [16] . This approach allowed for the creation of comparable biofilms under standardised condition in vitro [20] . The model has proven to provide repeatable results on different materials and has been successfully used to evaluate the antimicrobial potential in vitro [17, 20, 31] . Although our method still represents a simplified laboratory plaque model, it mimics the complex in vivo situation far better than a monospecies biofilm. Biofilm colonisation and total CFU of previous studies published by our group showed comparable numbers of cultivatable bacteria on untreated samples. The treatment with ozone and photodynamic therapy (PDT) in a previous study showed only minute effects on the remaining biofilm [32] . The observed reduction of viable counts by both therapies was less than one log 10 step. The treatment under the conditions of the present study was shown to be significantly more effective. The effects of ultrasonic and sonic scalers on the subgingival microflora were investigated in vitro and in vivo by Baehni and co-workers [33] . In the in vitro investigation, 27 plaque samples collected from periodontal pockets were submitted to ultrasonic vibrations for 10, 30 and 60 s. Bacterial suspensions were examined by darkfield microscopy to detect qualitative changes and cultured to evaluate the total number of cultivable bacteria. Microscopic counts following both instrumentations showed a decrease in the proportions of spirochetes and motile rods (0.1% after ultrasonic treatment). The changes were directly related to the time period of instrumentation. The bacteria could not be eliminated by the treatment as in the present investigation and showed a comparable reduction with regard to the log steps. Additional research showed that the collision of bubbles with biofilm could remove biofilms, when exposed to sonic waves simulating sonic toothbrushes [34, 35] . In addition, detached bacteria during the treatment procedures were collected and surviving bacteria were counted to assess bactericidal effects after treatments. Only limited bactericidal action of the shock wave and ultrasound application was observed. This is in accordance to findings by Schenk and co-workers [36] , who assessed the antimicrobial effects of a magnetostrictive ultrasonic scaler on gramnegative and gram-positive periodontopathic bacteria in suspension. The data of this study indicated that the assessed ultrasonic scaler used did not result in killing the tested periodontal pathogens. [9, 10] . In vitro studies have shown that shock waves had a bactericidal effect on S. aureus, S. epidermidis, P. aeruginosa and an MRSA 27065 strain, with decreases in viable numbers of three orders of magnitude for certain species [11, 13] , which could not be confirmed in the present investigation. This can be explained, in part, by different settings, overall experimental conditions and assessed bacteria. Findings suggested that shock waves may be bactericidal for selected oral bacteria only.
Notably, the total CFUs were slightly reduced as compared to the determination of the remaining bacteria on the surface (biofilm removal). This can be explained, in part, by the freezing of the samples between two experiments. However, the effect of freezing, thawing and reviving of biofilms has been assessed previously. The results showed only minor differences in CFU/disc between fresh biofilms and biofilms that had been frozen, whipped, thawed and revived by incubating anaerobically ion biofilm medium for 24 h [37] .
Conclusion
Within the limitations of this study, we found that the shock wave generator used in this evaluation had no potential to remove calculus from the root surface, but an ability to remove bacterial biofilms from infected surfaces to a degree comparable with an ultrasonic device without direct mechanical contact to the treated area. If this nondestructive cleaning potential still persists when direct access to the infected area is not granted, under clinical situations where bacteria are covered by gingival tissues, it will be the objective of future research. Technical improvements of this technology, however, are still required.
